Recent transcranial alternating current stimulation (tACS) literature suggests 31 that tACS effects can in principle be both frequency and phase specific. In a series of three 32 experiments using 69 participants used binocular rivalry percepts as a read-out for the effects 33 of phase-synchronized tACS stimulation. To test for phase specificity, with frequency the same 34 in each eye, we visually stimulated each eye with 3Hz, with stimuli in each eye presented in 35 temporal in antiphase. The frequency-specific paradigm visually stimulated the right eye with 36 3Hz, and the left eye with 5Hz. Each experiment was accompanied by 3Hz tACS, whose phase 37 with respect to the visual stimulus was varied by 0°, 90°, 180°, or 270° in relation to the right 38 eye's stimulus. A baseline no-tACS block preceded the stimulation blocks and two more 39 followed, immediately and ten minutes after. Individual blocks lasted 4 minutes. Additionally, a 40 no-tACS control experiment identical to the 3 Hz anti-phase visual stimuli setup was conducted, 41 keeping all parameters the same but eliminating tACS. During stimulation, the 3 Hz anti-phase 42 visual stimuli setup slowed the rate of rivalry in both eyes. Conversely, the 3Hz-right, 5Hz-left 43 setup slowed the right (targeted) eye significantly while leaving the left (unstimulated) eye 44 unchanged. In both experiments, durations returned to baseline after 10 minutes. Our results 45 are consistent with the frequency-specific model of tACS, and with the Leveltian hypothesis 46 that stimulation weakens the stimulated eye, as the right eye got weaker when it was directly 47
targeted, and both eyes got weaker when targeted in antiphase. tACS does not appear 48 to preferentially modulating percept durations in one phase more than in another .  49   50  51  52  53  54  55  56  57  58  59  60  61  62  63  INTRODUCTION  64   65 Neural activity can be modulated by electric fields generated by electrodes placed on 66 the scalp -a technique referred to as transcranial electrical stimulation (tES). Three commonly 67 used tES methods differ in the temporal profile of the applied current, e.g. direct current 68 (transcranial direct current stimulation; tDCS), alternating current (transcranial 69 alternating current stimulation; tACS), or random noise currents (transcranial random noise 70 stimulation; tRNS). In comparison to TDCS or TRNS, tACS is a particularly effective method to 71 address possible modes of action as it can be delivered at frequencies that are designed to 72 interact both with natural brain-wave rhythms (Antal and Paulus, 2013; Helfrich et al., 2014) as 73 well as responses to externally applied periodic sensory stimuli (Neuling et al., 2012) . 74
Prior work on the mechanism of action of tACS has used invasive recordings in animal 75 models and has suggested several mechanisms by which the imposed tACS field could affect 76 with ongoing neural activity, either instantaneously (Liu et al., 2018) or as a (partially) sustained 77 after-effect (Stagg et al., 2018) . One of the proposed instantaneous mechanisms is stochastic 78 resonance, in which cells whose membrane potential is near firing threshold can be induced to 79 fire by the addition of an external field (Ozen et al., 2010) . Related to stochastic resonance, the 80 "rhythm resonance" mechanism involves precisely timed fields that are coordinated with the 81 depolarizing phase of neurons whose membrane potential is spontaneously fluctuating in an 82 oscillating fashion (Deans et al., 2007; Frohlich and McCormick, 2010; Reato et al., 2010 Reato et al., , 2013 . 83
That is, tACS may act by summation with the membrane potential of active neurons such that 84 when tACS is in-phase with the ongoing or membrane potential fluctuations, spiking rates 85 increase. External fields may combine with internal fields in such a way to cluster spiking, 86 without actually increasing or decreasing the overall firing rate (Liu et al., 2018) . Finally, 87 external fields of high strength can entrain local networks by overwhelming the ongoing activity 88 (Liu et al., 2018) . Proposed non-instantaneous mechanisms include various forms of synaptic 89 plasticity that effect synaptic efficacy (Stagg and Nitsche, 2011; Stagg et al., 2018) . 90
Of present interest, tACS has been paired with periodic sensory stimulation that is 91 expected to drive cortex at a specific frequency and its harmonics. This approach has the 92 4 potential to provide strong evidence for instantaneous or "on-line" effects, as well as non-93 instantaneous ("off-line") effects. An example of the former is the finding that hearing 94 threshold for periodic tone bursts can be modulated by frequency-matched tACS in a phase-95 dependent fashion (Neuling et al., 2012) . 96
Here we used tACS and periodic visual stimulation to measure online and offline effect 97 of tACS on visual perception, using the phenomenon of binocular rivalry as a perceptual read-98 out. Binocular rivalry occurs when images presented to each eye are not fusible into a single 99 percept. Instead of seeing a single image, as in normal viewing, perception alternates between 100 the images presented to each eye. We reasoned that if tACS modulates neural activity in a 101 frequency or phase-specific fashion, it could alter the balance of perceptual salience for images 102 presented to each eye and this alteration may be reflected in the statistics of the perceptual 103 alternations. Importantly for present purposes, the dynamics of the perceptual alternation 104 depend on the relative perceptual strength of the two images and these dynamics have been 105 formalized into a set of laws which can be used as an interpretive framework (LeVeldt, 1965; 106 Brascamp et al., 2015) . We test both the phase and frequency specific models of tACS, looking 107 to see if tACS might have constructive or destructive effects when presented in phase or out of 108 phase with visual stimulation of the same frequency, or if merely being frequency matched is all 109 that is required of tACS for it to have an effect, either online or offline. 110 135 degrees in the left eye and 45 degrees in the right eye. The patches flashed either at 3Hz or 128 5Hz, depending on the experiment. The stimulus was generated using in-house software and 129 presented on a 55-inch, LG passive 3D OLED screen at a mean luminance of 10cd/m 2 . The 130
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Gabor patches were viewed by participants from 80cm from the stimulus display. Three 131 concentric circles, visible to both eyes acting as a fusion and focus lock surrounded the test 132 stimulus. Participants wore polarizing-filter glasses and placed their head on a head-rest that 133 had been pre-measured to be 80cm from the stimulus display. The experiments were 134 performed in a darkened room and participants signaled their rivalry percepts by via button 135 presses. They were instructed to press the left button if the bars on the screen appeared to be 136 oriented up and to the left, and the right button if the bars on the screen appeared to be 137 oriented up and to the right. They were instructed to press neither button in the case of mixed 138 percepts. They were also given a practice period and the opportunity to ask for any 139 clarification. 140
In the first two experiments described below, the stimulus flashed at 3Hz in each eye, 141 with left eye stimulus being shifted in phase by 180 degrees relative to the right eye. In the 142 third experiment, the left eye visual stimulus was presented at 5Hz and the right eye stimulus 143 was presented at 3Hz. Electrical stimulation, when present was delivered at 3 Hz. 144 Barcelona). For every participant, the protocol before starting stimulation involved: hair-148 washing with baby shampoo, electrode cap sizing, abrasive skin preparation via Lectron II gel 149 application to clean the targeted scalp regions, electrode placement, and electrode gel 150 application. Impedances were kept below 10k. The two source electrodes were placed at P07 151 and P08, while the common sink electrode was placed at OZ. Stimulation current amplitudes 152 were 1 mA at each of the source electrodes and 2 mA at the sink electrode. This "tri-polar" 153 montage was designed to minimize current flow through the eyes and thus to minimize the 154 chance of inducing phosphenes (Kar and Krekelberg, 2012) and to focus the stimulation on the 155 central field (~2 deg) representations in V1, V2 and V3 that are located on the occipital 156 pole (Dougherty et al., 2003) . Current distributions were visualized with StarStim BEM modeling 157 software. 158
The StarStim system was controlled over Bluetooth. Because the start time of the 159 electrical stimulation upon initiating a request for stimulation over Bluetooth was not 160 deterministic, the computer generating the visual stimulus monitored the phase of 161 the tACS stimulation in real time by recording the differential signal between electrodes 162
at Oz and PO8. The visual-stimulation software monitored the tACS waveform in real time and 163 scheduled the start of visual-stimulation so it began at each of 4 pre-determined phase offsets 7 of 0, 90, 180 or 270 degrees relative to the tACS stimulus. This allowed the system to match 165 the current and visual stimulus phase relationships with a maximal error of 1 video frame 166 duration (16.6 msec or 18 deg of phase at 3 Hz). 167
Electrodes were also monitored via the Bluetooth stimulator, which displayed real-time 168 feedback on the impedance and waveforms of the stimulating current, so that the 169 experimenter could visualize the functionality and impedance of all three electrodes and the 170 output of the tACS stimulator that was connected to the electrodes. 171 172
Experimental procedure 173
The protocols were designed to assess rivalry before, during and after tACS, testing 174 whether tACS is phase or frequency specific. We also included a control experiment to 175 determine the stability of rivalry parameters over the duration of the active tACS experiments. 176
This psychophysical control was used to determine whether there was any "drift" in the 177 rivalry process after being exposed to the same stimulus for the duration of the experiment. In 178 this control experiment, referred to below as the no-tACS control, the stimulus conditions and 179 experiment duration were identical to the ones to be described for the first tACS experiment (3 180
Hz anti-phase visual stimuli), but no electrical stimulation was applied at any time. 181
A pilot study was conducted to investigate whether orientation (45/135 deg), temporal 182 frequency (3Hz/5Hz) or eye (left/right) biased overall rivalry distributions. We measured rivalry 183 durations for each of the 8 pairwise combinations in 5 observers. By testing these various 184 iterations of the same paradigm, we established that there was no effect of any of the three 185 factors on overall rivalry modulation, allowing us to pick fixed pairings of eye and orientation 186 and a fixed targeted eye. 187
In each experiment, an initial, non-stimulated block was presented to measure the 188 participant's baseline rate of rivalry. This first block lasted 4 minutes and was comprised of two 189 trials, each lasting approximately two minutes. Next, blocks with 4 different tACS relative 190 phases were run consecutively, but in random order for every subject to control for temporal 191 order. Each block contained 4 trials, lasting approximately two minutes. For the duration of 192 these blocks, participants received tACS stimulation at four different relative phases: 0°, 90°, 193 8 180°, or 270°. This portion of the experiment lasted 28 minutes. tACS stimulation was on for 194 the entire 28-minute period. Immediately after the completion of the four blocks with tACS 195 stimulation, participants completed a 6 th , non-stimulated block of two trials, lasting 4 196 minutes. Participants were then given a 10-minute break in which they could wash their hair 197 but not leave the room. After the 10 minutes, participants completed condition 7, which also 198 had no stimulation but featured the exact same stimulus. This was done in order to measure a 199 possible persistent effect of tACS. The raw data was exported into MATLAB files for analysis. After exporting, data was 217 then sorted into left and right presses. Next, duration lengths were calculated for each subject 218 and each trial. The button hardware occasionally resulted in very short durations of non-press 219 during periods of button press. These durations were cleaned up by consolidating any user 220 non-press that lasted <0.5 seconds to the previous button press, provided it was the same 221 button. Figure 2 shows raw button durations for three observers each with very different 222 9 duration distributions spanning the range observed in the experiment. To characterize these 223 distributions, all data was transformed into log-seconds and then fitted utilizing a normal 224 distribution. The log-normal fits were better than traditional gamma fits. 225 
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Outlier exclusion 227
We noted that some participants had extremely long rivalry durations, suggesting that 228 their rivalry process was far from being balanced. As this imbalance would likely reduce the 229 sensitivity of the rivalry read-out to tACS perturbation, we developed an outlier screening 230 procedure based on the raw durations. A 1.5IQR test was utilized to exclude outliers from each 231 of the three experiments. For this exclusion, only means from condition 1 in each experiments 232 were considered. This was done to ensure that we were excluding subjects who didn't have 239
Data normalization 240
As can be seen from Figure 2 , the mean of each subject's log-durations varied 241 significantly significant variation between the baseline mean durations. This variation arose 242 because of the variable rate at which the subjects rivaled, with some rivaling faster than 243 others. As the goal of the experiment is to assess the effects of tACS on perception within 244 participants, we normalized all means to the participants value in the baseline condition by 245 subtracting each condition's values from that of condition 1. Normalization was performed for 246 both the log mean duration and switch-rate metrics. The effect of the normalization on 247 duration measurements is shown in Figure 4 which plots the data from all conditions for the 248 three observers shown in Figure 2 . Panels A-C show the un-normalized log durations that have 249 a larger range than after normalization (panels D-F). 250 The purpose of the next experiment was to determine whether tACS can modulate 298 rivalry durations or switch rates in a phase-specific fashion. To make this measurement, we 299 presented 3Hz visual stimulation to both eyes, but with 3Hz anti-phase tACS. Because we don't 300 know the precise timing of the visual activity we are reading out, we presented tACS at 4 301 different relative phases to span one full cycle of the visual and tACS stimulation (blocks 2-5). In 302 each case tACS was in antiphase, given that the visual stimuli were always presented in anti-303 phase to the two eyes. The phase-specific hypothesis predicts that a tACS phase that is 304 maximally suppressive in one eye will be maximally facilitative in the other eye which is 305 receiving the opposite polarization, and vice versa, once the proper absolute delay between the 306 visual system's internal response and the instantaneous tACS field is matched. We defined the 307 relative phase of tACS with respect to the right eye's visual stimulation. If tACS was phase 308 specific, we should see weakening in one eye accompanied with a strengthening in the other 309 eye at a particular absolute phase value and the opposite effect at a phase value shifted by 180 310 deg. 311 
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The data for this experiment are presented in Figure 6 , with left-eye data plotted in red 313 and right-eye data plotted in blue for each block of the experiment. We first tested whether 314 relative tACS/visual phase affected rivalry durations by performing all pair-wise comparisons 315 between the four relative phase values (conditions 2-5 in Figure 6 ). We observed no phase-316 specific effect during the application of tACS. All Bonferroni adjusted p-values for the left and 317 right eye pair-wise comparisons were 1. 318
While tACS did not modulate rivalry in a phase-dependent fashion, it could still exert an 319 effect that is independent of relative phase. To test for this possibility, we pooled all of the 320 mean duration measurements for each eye made during tACS stimulation and compared them 321 to 0. The mean durations increased by a factor of 1.28 in the left eye compared to baseline and 322 by a factor of 1.11 in the right eye. The shift for the left eye was highly significant (p= 0.004) but 323 was marginally significant for the right eye (p= 0.13). 324
Another important parameter of the rivalry distribution is the rate of switches. Figure  325 6B shows the rivalry switch rates. All pair-wise Bonferroni corrected tests over the tACS-present 326 conditions had p-values = 1 and thus showed no phase specificity. By contrast, switch rates 327 during tACS decreased by a factor of 1.22 (p< 0.000). 328
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We then asked whether any of the effects on mean duration and switch rate observed 329 during tACS persisted immediately after cessation of tACS or after 10 minutes after tACS 330 cessation. Mean durations for the immediate post-tACS condition were not significantly 331 different from baseline for the right eye (p=0.35), but there was a non-significant trend for 332 longer durations in the left eye (p=0.11). There were no measurable effects on mean duration 333 for the 10-minute post-tACS condition (right eye 0.78, left eye 0.18). Switch rates in the 334 immediate post-tACS condition were not measurably different from baseline (p=0.90), nor were 335 they different from baseline in the 10-minute post-tACS condition (p=0.36). 336 337
Frequency Specificity of tACS 338
Having found no phase specificity of tACS stimulation, we moved on to test whether the 339 tACS effects were frequency specific. This experiment visually stimulated the right eye at 3Hz 340 and the left eye at 5Hz. We applied 3Hz tACS during the four middle "test" conditions and again 341 varied tACS/visual phase. Thus, the right eye received synchronous 3 Hz tACS stimulation at 342 different relative phases, but the left eye received asynchronous tACS/visual stimulation as the 343 visual stimulus was presented at 5 Hz. If tACS' effects were frequency specific, the effects of 344 tACS should be most apparent in the synchronously stimulated right eye. 345 The data from this experiment are shown in Figure 7 . As in Experiment 2, we observed 347 no phase-specific effects on mean rivalry duration during the application of tACS. All pair-wise, 348
Bonferroni-corrected p-values were 1 for both eyes. We thus pooled all of the mean duration 349 measurements for each eye made during tACS stimulation and compared them to 0 to detect 350 any significant modulation from baseline in the two eyes' percepts. The mean durations 351 increased by a factor of 1.08 in the left eye and decreased by a factor of 1.50 in the right eye. 352
The shift for the right eye was highly significant (p< 0.000) but was marginally significant for the 353 left eye (p= 0.19). Figure 7B shows the rivalry switch rates. The switch rates did not differ by 354 phase on pair-wise Bonferroni corrected tests (all p-values = 1), but they decreased overall by a 355 factor of 1.28 (p< 0.000). The fact that the two eye durations change in opposite directions in 356 this experiment, versus changing in the same direction as 3 Hz anti-phase experiment, plus the 357 fact that switch rates decrease suggests tACS is effective and is frequency specific. 358
We then asked whether any of the effects on mean duration and switch rate observed 359 during tACS persisted immediately after cessation of tACS or after 10 minutes post tACS. Mean 360 durations for the immediate post-tACS condition were significantly different from baseline for 361 the right eye (p=0.01) but were not significantly different from baseline for longer durations in 362 the left eye (p=0.44). There were no measurable effects on mean duration for the 10 minute 363 post-tACS condition (right eye 0.32, left eye 0.75). Switch rates in the immediate post-tACS 364 condition were not measurably different from baseline (p=0.78), nor were they different from 365 baseline in the 10-minute post-tACS condition (p=0.45). 366
367
DISCUSSION 368
Our results using bi-stable rivalry percepts as a readout suggest that the effects 369 of tACS on visual perception depend on matching the frequency of visual and tACS stimulation, 370 but not on the relative phase of matched-frequency stimulation. The lack of phase specificity 371 was found in both the 3 Hz anti-phase and 3Hz/5Hz experiments. When 3Hz/5Hz frequencies of 372 visual stimulation were used, tACS that matched the visual stimulation rate (3Hz) decreased the 373 mean durations in that eye, and there was a marginally significant increase in duration in the 374 other (5Hz). By contrast, when anti-phase tACS of the same frequency (3Hz) was presented to 375 each eye, both eyes durations increased. Together, these results indicate that the effect 376 of tACS was frequency, but not phase specific. Levelt's laws of rivalry allow us to deduce that 377 that tACS acted to reduce internal response strength, as described in the next section. including situations that varied the relative stimulus intensities in the two eyes. Here, we 382 consider whether tACS effectively modulates internal response strength in a way similar to 383 changes stimulus intensity. There are four Levelt's laws and we interpret our data with respect 384 to each of them in the order that they have been traditionally stated. Levelt's first law states 385 that increasing the stimulus strength in one eye increases the perceptual dominance of that 386 eye's stimulus, and conversely, decreasing the stimulus strength in one eye decreases its 387 perceptual dominance. Here we do not manipulate visual stimulus strength, but we sought to 388 manipulate the strength of the internal neural response via tACS. In our test of frequency-389 specificity with 3Hz/5Hz stimulation, we observed a phase-independent decrease in the right 390 eye's perceptual dominance reflected by its shorter mean durations consistent with this eye's 391 internal representation being weakened. Weakening of the representation in traditional rivalry 392 experiments would come about by decreasing stimulus intensity, so we interpret the effect of 393 tACS in this experiment as being effectively suppressive. 394
Levelt's second law states that "increasing the difference in stimulus strength between 395 the two eyes will primarily act to increase the average perceptual dominance duration of the 396 eye with the stronger stimulus." In the 3Hz/5Hz experiment, tACS targeted the right eye, acting 397 to shorten its durations, consistent with its response being weakened based on the above 398 prediction from the first law. According to the second law, this should have the effect of 399 increasing the mean duration of the opposite eye. We see a trend in this direction, but the 400 effect is larger on the targeted eye. While the original second law stipulated that this increase 401 in the non-targeted eye should have been larger than the effect on the (weakened) targeted 402 right eye, more recent findings have shown that the second law is only valid for a relatively 403
